The quasiparticle interference (QPI) in Sr2RuO4 is theoretically studied based on two different pairing models in order to propose an experimental method to test them. For a recently proposed two-dimensional model with pairing primarily from the γ band, we found clear QPI peaks evolving with energy and their locations can be determined from the tips of the constant-energy contour (CEC). On the other hand, for a former quasi-one-dimensional model with pairing on the α and β bands, the QPI spectra are almost dispersionless and may involve off-shell contributions to the scatterings beyond the CEC. The different behaviors of the QPI in these two models may help to resolve the controversy of active/passive bands and whether Sr2RuO4 is a topological superconductor.
The quasiparticle interference (QPI) in Sr2RuO4 is theoretically studied based on two different pairing models in order to propose an experimental method to test them. For a recently proposed two-dimensional model with pairing primarily from the γ band, we found clear QPI peaks evolving with energy and their locations can be determined from the tips of the constant-energy contour (CEC). On the other hand, for a former quasi-one-dimensional model with pairing on the α and β bands, the QPI spectra are almost dispersionless and may involve off-shell contributions to the scatterings beyond the CEC. The different behaviors of the QPI in these two models may help to resolve the controversy of active/passive bands and whether Sr2RuO4 is a topological superconductor. 1 Soon after, it was proposed that the superconducting (SC) pairing symmetry in this kind of material may be p-wave.
2,3
Later experiments suggest that the SC state has odd parity [4] [5] [6] and spontaneously breaks time-reversal symmetry.
7-9 Thus Sr 2 RuO 4 is a possible candidate for a chiral p-wave superconductor. 10, 11 Recently the chiral p-wave superconductor has attracted much attention since it may give rise to a topological superconductor which supports gapless modes at the edge of the system and in vortex cores. Relaxing the weak spin-orbital coupling (e.g., by a suitably applied magnetic field) such zero modes may become Majorana modes. They are robust against perturbations, thus are proposed to be the building blocks for quantum computation.
12,13
Up to now, whether Sr 2 RuO 4 can be viewed as a topological superconductor is still controversial. For example, in Sr 2 RuO 4 , there are three energy bands cut by the Fermi level, denoted as α, β and γ. [14] [15] [16] The α and β bands are quasi-one-dimensional and are composed of the Ru d xz and d yz orbitals while the γ band is twodimensional and is from the Ru d xy orbital. The specific heat 17 and nuclear spin relaxation measurements,
18
as well as early calculations 19 suggest that superconductivity occurs only in a subset of the bands. Previous theories concluded that the SC pairing arises in the γ band and is of chiral p-wave symmetry [d(k) = ∆ 0 (sin k x +i sin k y )z]. 20, 21 In this case Sr 2 RuO 4 is a topological superconductor. However, the predicted magnitude of edge current has not been detected experimentally. 22, 23 This discrepancy leads Raghu et al. to propose that, 24 instead of the γ band, the SC pairing in Sr 2 RuO 4 should take place in the α and β bands (denoted as 1D model). In this case, the d vector can be written as 
with p 1 /p 2 ∼ −0.4375. Although it is a topological superconductor, there are deep gap minima which make the edge current fragile against small perturbations. While this does not rule out the edge current, it nonetheless reconciles the difficulty in the experimental detection. The theory also predicts that the pairing on the (α, β) bands are even smaller than the minimum on the γ band. In this paper, we propose to measure the quasiparticle interference (QPI) 26 as a method to resolve the above controversy. The idea is, in realistic materials, an incoming wave is scattered into an outgoing wave by some elastic impurities and the interference between these two waves gives rise to a spatial modulation of the local density of states (LDOS), which can be measured by scanning tunneling microscopy (STM).
27 By inspecting the modulation wave vectors, the information of the electronic band structure as well as the SC pairing can be obtained. For Sr 2 RuO 4 , if the SC pairing occurs in the γ (α and β) band, then the modulation of the LDOS due to that band will change once superconductivity sets in, thus changing the scattering wave vector q of that band.
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Therefore by comparing the QPI in the normal and SC states, we can gain information on the active band(s) in which superconductivity develops.
Method.-We start with the lattice models proposed in Refs. 24 and 25. The Hamiltonian can be written as
where c † k1↑ , c † k2↑ and c † k3↑ create a spin ↑ electron with momentum k in the d xz , d yz and d xy orbitals, respectively and ∆ k is a 3 × 3 matrix. For the 2D model, we have
Here t 0−5 = 1.1, 1, 0.1, 0.8, 0.35, −0.2, p 1 = −0.4375 and p 2 = 1. In this model we ignore the tiny pairing on the (α, β) bands henceforth. This approximation does not alter the conclusion as long as the quasiparticle energy is above the related small energy scale. For the 1D model, we have
with t 0−5 = 1, 1, 0.1, 0.8, 0.3, 0.1. Here the it 5 term in 12k is from the spin-orbital coupling. In both the models, we set ∆ 0 = 0.03. The normal state is represented by setting ∆ k = 0 in Eq. (3). When a single impurity is located at the origin, the impurity Hamiltonian can be written as
here N is the system size (396×396 in the following). We consider nonmagnetic impurity only, diagonal in the orbital basis and with a scattering strength V s =4∆ 0 for definiteness. Following the standard T -matrix procedure, 28 we define the Green's function matrix as
and
Here R and A refer to the retarded and advanced Green's function, respectively and
where I is a 6 × 6 unit matrix and
The experimentally measured LDOS is expressed as
and its Fourier transform is defined as ρ(q, ω) = r ρ(r, ω)e iq·r , which can be expressed as
In both the models, since the d xy orbital does not mix with the d xz /d yz orbital and the impurity scattering we assumed is purely intraorbital, thus there cannot be quasiparticle scattering between the γ and α/β bands. We then define the difference of ρ(q, ω) between the SC and normal states as
In this way, the contribution to the LDOS from (α, β) bands and from the γ band can be completely disentangled. This provides a unique possibility to probe the active/passive bands.
Results.-For the 2D model, we plot |∆ρ(q, ω)| in Fig.  1 and three main scattering wave vectors q 1 , q 2 and q 3 can be identified [see the arrows in Figs. 1(a) and 1(f) ]. q 1 is along the q x = 0 and q y = 0 directions while q 2 and q 3 are along the q x = ±q y directions. When |ω| decreases, q 1 moves towards the origin while q 2 and q 3 move towards (±π, ±π). The ω dependence of q can be understood from the evolution of the constant-energy contour (CEC). [26] [27] [28] In the normal state, the CEC of the three bands shows little variation when |ω| ∆ 0 since ∆ 0 1, thus in this energy range ρ(q, ω) barely evolves with ω. On the contrary, in the SC state, first of all, the CEC of the α and β bands is the same as that in the normal state since the SC pairing is tiny and set to zero in these bands within our approximation, thus the contribution to the QPI from these two bands can be completely removed from Eq. (13) . For the γ band, on the other hand, superconductivity gaps the entire Fermi surface (FS) with deep gap minima (≈ 0.14∆ 0 ) at (k x /π, k y /π) ≈ (±0.92, 0)/(0, ±0.92). From Fig. 2 we can see, around each of the four gap minima, the CEC evolves from a single point at the gap minima, to bananashaped closed contour at higher energies. The size of the banana increases with |ω| and its tips trace the normal state FS. By carefully examining the locations of these banana tips, we conclude that the scattering wave vectors in Fig. 1 should correspond to the wave vectors connecting the banana tips (see the blue dotted arrows in Fig. 2 ). For example, in Fig. 1(a) , at ω/∆ 0 = −1, q 1 /π ≈ (±0.54, 0)/(0, ±0.54) and q 2 /π ≈ (±0.6, ±0.6). At the same ω, the CEC tips in Fig. 2 are located at (±0.88, ±0.27)π/(±0.27, ±0.88)π. The derived q 1 /π and q 2 /π are (±0.54, 0)/(0, ±0.54) and (±0.61, ±0.61), respectively, agree fairly well with those in Fig. 1(a) . As ω/∆ 0 changes from −1 to −0.2, the size of the banana decreases, thus from Fig. 2 , |q 1 | should decrease and |q 2 | should increase. As we can see from Figs. 1(a) to 1(e) , the evolution of q 1 and q 2 indeed follows this trend. On the other hand, at ω/∆ 0 = 1, q 3 in Fig. 1(f) is located at (±0.84, ±0.84)π and that derived from Fig. 2 is at (±1.15, ±1.15)π. They differ by a reciprocal lattice constant, suggesting that q 3 is an umklapp process. In Fig.  2 , as |ω| decreases, |q 3 | should decrease and since it is an umklapp process, therefore q 3 in Figs. 1(f) to 1(j) moves towards (±π, ±π). In addition we found that the spectra are asymmetrical with respect to positive and negative ω. The asymmetry becomes more obvious as |ω| increases. Furthermore, q 2 and q 3 are invisible for positive and negative ω, respectively.
For the 1D model, the SC pairing becomes more complicated. From Eq. (5) we can see that the pairing is purely intraorbital. However, since ∆ 
where
For the ∆ 0 chosen in this paper, the quasiparticle energy ξ − k is parametrically small at (k x /π, k y /π) ≈ (±0.66, ±0.50)/(±0.50, ±0.66), which is about 0.02∆ 0 . In Fig. 3 we plot |∆ρ(q, ω)| for this model and in this case, the contribution to the LDOS from the γ band is removed since there is no superconductivity in this band. We found, (1) the spectra resemble the shape of the α/β FS and are also quasi-one-dimensional, with additional features along the q x = 0 and q y = 0 directions. (2) There are no clear scattering wave vectors evolving with energy, thus the QPI signal is almost dispersionless. (3) The spectra show minor asymmetry with respect to positive and negative ω as compared to those of the 2D model shown in Fig. 1 . Most importantly, the QPI in this model cannot be described by scatterings on the CEC alone. As we can see from Fig. 4 , in the first quadrant of the Brillouin zone (BZ), the CEC evolves from two separate points at (k x /π, k y /π) ≈ (0.66, 0.50)/(0.50, 0.66) at |ω| ≈ 0.02∆ 0 , to closed contours at higher energies and the tips of the CEC trace the original FS of the α and β bands. However in Fig. 3 we cannot find any scattering wave vectors associated with the evolution of the CEC in Fig. 4 , implying that the off-shell contributions to the the scatterings beyond the CEC become more important. The reason of this phenomenon may be: Due to the existence of the interband pairing terms, the CEC in the SC state mixes the α and β bands at different energies, therefore those off-shell scatterings may also contribute to the QPI significantly.
Summary.-In summary, we have studied the QPI in Sr 2 RuO 4 based on two different pairing models in order to propose an experimental method to test them. For the 2D model, the QPI spectra are two-dimensional, with clear peaks evolving with energy and their locations can be determined from the tips of the CEC. On the contrary, for the 1D model, the QPI spectra are quasione-dimensional and almost dispersionless, which may involve off-shell contributions to the scatterings beyond the CEC. Since the QPI can be directly measured by STM, therefore the distinct differences of the QPI between these two models can help to resolve the controversy of in which bands superconductivity develops. In addition, for both the models, we repeated the above calculations for V s = 8∆ 0 and the results remain qualitatively the same, indicating the robustness of the QPI spectra presented in this paper. 
